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This dissertation presents an investigation and design optimization of energy
absorbent protective systems that protect the brain. Specifically, the energy absorption
characteristics of the bighorn sheep skull-horn system were quantified and used to inform
a topology optimization performed on a football helmet facemask leading to reduced
values of brain injury indicators. The horn keratin of a bighorn sheep was experimentally
characterized in different stress states, strain rates, and moisture contents. Horn keratin
demonstrated a clear strain rate dependence in both tension and compression. As the
strain rate increased, the flow stress increased. Also, increased moisture content
decreased the strength and increased ductility. The hydrated horn keratin energy
absorption increased at high strain rates when compared to quasi-static data. The keratin
experimental data was then used to inform constitutive models employed in the
simulation of bighorn sheep head impacts at 5.5 m/s. Accelerations values as high as 607
G’s were observed in finite element simulations for rams butting their heads, which is an
order of magnitude higher than predicted brain injury threshold values. In the most
extreme case, maximum tensile pressure and maximum shear strains in the ram brain

were 245 kPa and 0.28, respectively. These values could serve as true injury metrics for
human head impacts. Finally, a helmeted human head Finite Element (FE) model is
created, validated, and used to recreate impacts from a linear impactor. The results from
these simulations are used to train a surrogate model, which is in turn utilized in multiobjective design optimization. Brain injury indicators were significantly reduced by
performing multi-objective design optimization on a football helmet facemask. In
particular, the tensile pressure and maximum shear strain in the brain decreased 7.5 %
and 39.5 %, respectively when comparing the optimal designs to the baseline design.
While the maximum tensile pressure and maximum shear strain values in the brain for
helmeted head impacts (30.2 kPa and 0.011) were far less than the ram impacts (245 kPa
and 0.28), helmet impacts up to 12.3 m/s have been recorded, and could easily surpass
these thresholds.
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INTRODUCTION
Traumatic Brain Injury (TBI) has increasingly gained more attention over the past
decade. Our society is only just now learning about the full extent and long term effects
of TBI. Football players are usually the subject of the spotlight on TBI due to litigation
against the National Football League (NFL), but millions of people are affected by TBI
every year through the military, other sports, and accidents. In football, unfortunately, the
problem will most likely become worse before it improves, because current players and
players of the recent past, up to 28 % according to NFL lawyers (Belson 2014), may not
develop serious impairments for years. Yet there is still much we can and must do to
decrease the risk of TBI. Much of the current research is focused on finding a mechanical
or biological cause for TBI. In recent years, published studies have tried to link linear and
angular acceleration to TBI. However, whenever an injury threshold value for
acceleration is proposed, there always exists reported non-concussive impacts above the
threshold and concussive hits below the threshold. While acceleration offers a relatively
easy way to monitor impacts in real time, this disagreement between data and models
indicates that the problem is not solved.
Fortunately, current high performance computing allows us to safely and quickly
recreate TBI and look for possible injury metrics. One hypothesis carried throughout this
study is that tensile pressure is responsible for brain injury. This hypothesis was studied
1

by Prabhu (2011), who recreated a blast induced TBI sustained by a warfighter found that
tensile pressure correlated well with the damage location revealed by computed
tomography (CT) scans. Tensile pressure is specifically the focus, rather than
compressive pressure, because in many materials stress triaxiality, of which tensile
pressure is a major factor, is the dominant cause of fracture (Bao and Wierzbicki 2004).
With the goal of reducing brain injury in football helmet impacts, we turned to
nature to test our hypothesis and look for inspiration. The bio-inspired design approach
requires the study of natural systems in order to learn from them and use that knowledge
to produce products that mimic either the materials or mechanisms involved. With this in
mind, the current study investigated the impact performance of the bighorn sheep skullhorn system. Since these animals are able to withstand high energy impacts without
appearing to suffer injury, simulating the impacts can help us quantify the limits of brain
injury metrics like tensile pressure. The study on the energy absorption characteristics of
the ram horn led to a study on geometric effects and finally to topology optimization of a
football helmet facemask that successfully reduced brain injury indicators.
In Chapter 2, the horn keratin of a bighorn sheep is experimentally characterized
in different stress states, strain rates, and moisture contents. A Split-Hopkinson Pressure
Bar (SHPB) is used to perform high rate testing. The experimental stress-strain data for
the keratin is then used to inform constitutive models employed in the simulation of
bighorn sheep head impacts at 5.5 m/s. The head acceleration, tensile pressure in the
brain, and maximum shear strain in the brain are studied.
Chapter 3, presents a study of the different types of geometries present in the
bighorn sheep horn. The results of the ram head simulations in Chapter 2 indicated that
2

the horn keratin was not the sole factor in energy absorption, and the geometry was
predicted to be responsible. This work expands on the work of Trim on the same topic
(Trim 2011), however this study differs in that different material types, loading rates, and
loading amplitudes were used.
Chapter 5 presents the first simulation based multi-objective design optimization
to be performed on a football helmet. Specifically, topology optimization is performed on
a facemask using brain injury metrics as objective functions. A helmeted head Finite
Element (FE) model is created, validated, and used to recreate impacts from a linear
impactor. Due to the computational expense of the FE simulations, surrogate modeling is
used to approximate the response. The approach and methodology presented in Chapter 5
provide inspiration for endless opportunities where surrogate model based design
optimization can be utilized to improve safety and performance of products.
Finally, Chapter 6 provides a summary and suggestions for future work.

3

EXPERIMENTAL AND COMPUTATIONAL INVESTIGATION INTO BIGHORN
SHEEP HORN KERATIN AND ITS EFFECT ON THE
MECHANICAL RESPONSE OF THE BRAIN
2.1

Introduction
Male bighorn sheep engage in fights when they move to seasonal home ranges

and encounter strangers (Geist 1998) or when challenging tending rams for mating access
to defended estrous ewes (Hogg 1984). During these fights, the rams’ horns clash
together at high speeds (up to 5.5 m/s), resulting in forces up to 3400 N (Kitchener 1988).
By protecting the ram’s head during the fight, the horns’ function is vital to the safety of
the ram. Rams never lose their horns unless they are broken, in contrast to antlered
animals. Considering the average bighorn sheep lifespan of 13 years (McKittrick et al.
2010) and their important role in mating and territory control, the horns must be energy
absorbent and very resistant to fracture. The horns of bighorn sheep consist of a core of
cancellous bone covered with a germinative epithelium that generates new cell growth,
all of which is surrounded by a sheath composed of α-keratin (Tombolato et al. 2010;
Kitchener 1987). α-Keratin is a structural protein found in horns, hooves, hair, claws, and
wool. The keratin sheath is anisotropic about the radial direction, which is defined as the
direction normal to the long axis of the horn and oriented towards the centerline of the
horn (Makinson 1954). The keratin sheath is a composite-like structure consisting of
4

long, hollow keratin fiber tubules in an amorphous keratin matrix. This complete protein
composition is different than most biological materials such as bone, tooth, and nacre,
which normally include a mineral component for added stiffness (Meyers et al. 2006; S.
Lee et al. 2011; Ji and Gao 2004). The tubules in bighorn sheep keratin typically form an
elliptical shape with major and minor axes dimensions of 93 and 29.6 μm, respectively
(Trim et al. 2011). The tubules extend along the length of the horn in the growth
direction, called the longitudinal direction, and are randomly dispersed between keratin
lamellae. These lamellae are stacked in the radial direction and measure between 2 and 5
μm in thickness (Trim et al. 2011). Equine hooves, bovine hooves, and Rhinoceros horns
also share this keratin-based tubule structure (Tombolato et al. 2010).
Keratinous materials are highly affected by moisture content. In these materials,
the strength and stiffness are greater at lower moisture contents, yet more brittle. Bonser
(Bonser 2002) tested ostrich claw keratin at 11.58 and 28.79 % water by mass and
showed decreased stiffness and hardness. With increasing moisture content, strain to
failure in keratin increases at the expense of strength and stiffness (Tombolato et al.
2010; Trim et al. 2011; S. Lee et al. 2011; Taylor et al. 2004; Li et al. 2010; Feughelman
1997). In several studies, these keratinous materials were found to have the highest work
of fracture at intermediate moisture contents that reflect values found in vivo (Bertram
and Gosline 1987; Li et al. 2010). At these intermediate moisture levels, water acts as a
plasticizer and leads to increased toughness. Bertram and Gosline (1987) found that
dehydration affects the matrix much greater than the microfibrils. They suggested that
intermediate hydration allows an intermediate degree of secondary cross linking

5

(hydrogen bonding between the polymers of the matrix phase), increasing stiffness while
still allowing extensibility
The keratin found in bighorn sheep has been well researched at quasi-static strain
rates, but the only high rate data that exists in the literature is compression in the dry
condition (Trim et al. 2011; McKittrick et al. 2010; Tombolato et al. 2010). The SplitHopkinson Pressure Bar (SHPB) offers a way to examine materials at higher strain rates.
Hopkinson (1914) originally designed the experiment to use a metal bar to measure the
pressure pulse propagation. The method was later altered by Kolsky (1949) to use two
bars to measure stress and strain. The technique places a specimen between two straight
bars, called the incident bar and the transmitted bar. A pressure wave, either compressive
or tensile, is introduced in the incident bar at the end opposite the specimen. The wave,
called the incident wave, travels to the end of the incident bar in contact with the
specimen, at which point a portion of the wave is reflected, called the reflected wave, and
the remainder, called the transmitted wave, enters the specimen causing deformation.
After leaving the specimen, the wave travels down the transmitted bar. Strain gages on
the incident and transmitted bars capture the strain responses. Using the bar material
properties and amplitudes of the three waves, the stress response of the specimen can
then be calculated. The purpose of this study is two-fold: 1. Characterize the horn keratin
and 2. Use the garnered material data to inform a Finite Element (FE) model of the ram
head to better understand its energy absorption capabilities and damage in the brain.
Using the SHPB technique, our study examines the response of the horn keratin of
bighorn sheep under high strain rate loading and investigates the effects of moisture,
anisotropy, and stress state on the mechanical properties. The experimental data is then
6

used in material constitutive models in high rate FE impact simulations. The simulations
allow us to examine the brain response of the bighorn sheep and can possibly lead to
improved limits on injury metrics such as tensile pressure and maximum shear strain.
2.2
2.2.1

Materials and Methods
Experimental
Two bighorn sheep (Ovis Canadensis) horn sheaths, approximately 1 m in

longitudinal length and 12 cm in diameter at the base, were donated by the Montana
Department of Fish, Wildlife, and Parks. High strain rate tension and compression tests
were performed using a split-Hopkinson pressure bar apparatus with the incident and
transmitter bars consisting of a 7075 aluminum alloy. Testing was performed at an
average strain rate of 1000 s-1.
Two sets of specimens were used for tensile and compression testing. The dog
bone tensile specimens had a gage length of 4.5 mm, a gage width of 2 mm, and a gage
thickness of 2 mm. The cylindrical compression specimens had a length of 6.35 mm and
a diameter of 12.7 mm. Sections of horn were cut and sanded to the desired thickness,
then cut to the appropriate profile using a water-jet cutting machine to insure a smooth
surface with no heat affected zone. Twelve tensile specimens were prepared, with six cut
in the longitudinal direction and six in the radial direction. Of the six for each orientation,
three were tested in the hydrated condition, and three were tested in the ambient dry
condition. Forty-eight compression specimens were prepared to be tested, twenty-four in
the longitudinal direction and twenty-four in the radial direction. Of the twenty-four for
each orientation, twelve were tested in the ambient dry condition and twelve were tested
in the hydrated condition. In order to determine the effects of horn moisture content
7

under high rate loading, the specimens to be tested in the hydrated condition were
immersed in deionized water for three days to allow for complete saturation (Kitchener
and Vincent 1987). This process has been shown to produce a moisture content of 35
wt. % water (Trim et al. 2011). After failure of the tensile specimens, the fracture
surfaces were imaged using scanning electron microscopy (SEM) using a Zeiss SUPRA
40 Field Emission Gun SEM and a Zeiss EVO 50 Environmental SEM in order to
investigate the different failure mechanisms.
2.2.2
2.2.2.1

Finite Element Simulations
Simulation Setup
The second goal of this study included investigating the mechanical response of

the ram brain during impacts through FE simulations. The three metrics of interest were
injury indicators used to study human head impacts: linear acceleration, maximum tensile
pressure, and maximum shear strain. A three dimension finite element model was created
using computed tomography (CT) scans using the ScanIP (Simpleware Ltd, Exeter, UK).
The CT data contained grayscaled data for three materials: the horn keratin, a layer of
skin between the horn and horn cores, and the skull bone. In order to simulate the brain,
several layers of cerebrospinal fluid (CSF) elements were added along the interior of the
brain cavity. The remaining volume inside the CSF layer was then filled with elements
representing the brain. The final mesh consisted of 362,477 quadratic tetrahedron
elements. Due to the mesh size of the models, only a p-refinement study was performed,
with quadratic elements providing the best results. All simulations were performed in
Abaqus (Dassault Systèmes, Waltham, MA). The time period for the simulation was
0.003 s, with 100 field and history outputs created over the course of the simulation. The
8

loading data for the simulations were adapted from film analysis of bighorn sheep fights
performed by Kitchener (1988), which reported maximum impact speed of 5.5 m/s. In
order to simulate two rams colliding, a section of the ram’s horn was mirrored and placed
directly in front of the striking ram head at the anterior keel of the horn sheath, a typical
impact location (Schaller 1983). To simulate the mass of the stationary ram head, the
mass of the skull and horn that were removed from the stationary horn section were
placed at the center of gravity location as a point mass and coupled to the stationary horn
section. Several different skull-CSF and CSF-brain interface modeling methods were
investigated. Allowing for surface element separation at the interface can cause excessive
deformation of the brain elements and numerical instability. Because the CSF is nearly
incompressible, a gap at this interface is unlikely. Abaqus only allows a “no separation”
condition to be used in conjunction with a rough friction condition. As a result, a tied
contact algorithm was used for the interface (Mao et al. 2013; Ganpule et al. 2013;
Horgan and Gilchrist 2003). The simulation setup can be seen in Figure 2.1.
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Figure 2.1

2.2.2.2

Two different views of Finite Element (FE) simulation setup showing
strinking ram head and stationary ram horn section.

Constitutive Modeling
The cranial bone consisted of three layers, an inner and outer layer of dense

cortical bone and a porous diploe layer sandwiched in between the cortical layers. This
was done to account for the presence of spongy cancellous bone in the skull and horn
cores. The elements were modeled with elastic-plastic material properties, which were
selected to match dynamic compressive loading data (Boruah et al. 2013; McElhaney et
al. 1970; Bayraktar et al. 2004). The skin was modeled using a first order Ogden
hyperelastic energy potential taken from literature (Shergold et al. 2006). The
cerebrospinal fluid (CSF) was modeled using linear elastic solid elements with a low
shear modulus (Zhang et al. 2001; Mao et al. 2013; Ganpule et al. 2013; Tse et al. 2015).
The brain behavior was modeled by the MSU TP 1.1 internal state variable material
model (Prabhu et al. 2011; Bouvard et al. 2010). This model was calibrated to data from
high rate compression experiments on porcine brain at different strain rates.
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The horn keratin was modeled using three different sets of material data in order
to capture behavior in the extreme states. These states were dry horn keratin, wet horn
keratin undergoing low rate compression, and wet keratin undergoing high rate
compression. Dry horn keratin behaves in a brittle manner, and was modeled using elastic
properties. The Young’s modulus of dry horn keratin in compressive loading was 2.2
GPa, the Poisson’s ratio was 0.3, and the mass density was ρ=1.2 g*cm-3(Trim et al.
2011). The low rate wet keratin data was taken from Trim et al. (2011), and was fit using
a Marlow hyperelastic model in Abaqus. The wet high rate material data was taken from
the experimental results of wet longitudinal data in this study, which is discussed later.
The behavior was captured by using an internal state variable constitutive model
developed for polymers (Bouvard et al. 2013).
2.3
2.3.1

Results and Discussion
Moisture Effects
Figure 2.2 shows the effects of moisture and anisotropy during high rate

compressive loading. A clear transition from brittle-to-ductile behavior can be observed
as the water content increased for both orientations; as the water increased the failure
strain increased also. This brittle-to-ductile transition also incurred a stress reduction for
both the longitudinal and radial orientations. Hence, the mechanical behavior shown in
Figure 2.2 demonstrates that higher moisture content greatly reduces compressive
strength and increases failure strain. The fracture mechanisms in compression were
consistent with previously reported quasi-static testing (Trim et al. 2011; Tombolato et al.
2010) in that tubule collapse and buckling of lamellar layers followed by delamination
were observed.
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Figure 2.2

High rate compression stress-strain results demonstrating the effects of
moisture and anisotropy.

Increased moisture increased the ductility, decreased the strength, and decreased the
effect of anisotropy.
During high rate tensile deformation (Figure 2.3), the stress reduction due to
increased water content occurred in both orientations, but was much less significant in the
radial direction. The dry longitudinal condition possessed a significant ultimate strength
of 115 MPa, which is greater than many thermoplastics such as polycarbonate and even
higher than some fiber-reinforced polymer composites (Fu et al. 2000). However, the
failure strain was very low in the dry longitudinal condition. Keratin tubules were
exposed on the fracture surfaces and are shown in Figure 2.4(b), circled in white. A
scaled view of the complete fracture surface of a dry longitudinal high rate tension
specimen is shown in Figure 2.4(a). The wavy lamellar layers that make up the keratin
matrix can also be seen. Failure initiated at the bottom of the image and followed a
typical Mode 1 crack path that traveled approximately 80 % across the gage section. The
12

failure mechanism then changed when the lamellar structure delaminated parallel to the
loading axis, before continuing Mode 1 failure higher up the gauge section. This
delaminated surface is visible in the top half of Figure 2.4(a). With the addition of
moisture, the longitudinal orientation exhibited tensile failure strains up to 70 %, while
the wet radial condition exhibited a failure strain less than 15 %; hence, the anisotropy
changed 78 % due to water. The fracture surface of the wet longitudinal high rate tension
specimens indicated a different failure mechanism when compared to the dry condition
(Figure 2.5(a-c)). The combined Mode 1-delamination failure was again observed for the
wet condition, but the wet condition revealed a much greater degree of fiber pullout.
Figure 2.5(b) shows the fiber pullouts as the frayed fibers are the fractured tubules. The
material also showed the standard ductile cup-and-cone type failure illustrated in Figure
2.5(c). This ductility was not observed in the dry condition.
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Figure 2.3

High rate tension stress-strain results demonstrate the effects of moisture
and anisotropy.

The longitudinal orientation possessed greater strength in the dry condition but more
ductility in the wet condition compared to the radial orientation.

Figure 2.4

Scanning Electron Microscope (SEM) images showing (a) the fracture
surface of dry longitudinal high rate tension specimen delineating brittle
failure and lamellar delamination and (b) the fracture surface with tubules
identified in the circles.
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Figure 2.5

Scanning Electron Microscope (SEM) images of (a) the fracture surface of
a wet longitudinal high rate specimen, (b) the zoomed in fractured tubule
fibers and (c) the keratin matrix showing ductile failure.

Although not shown here the fiber pullout and matrix ductility were greater for the wet
specimen when compared to the dry specimen.
When loaded in the radial direction, the weaker amorphous keratin matrix carried
the majority of the load, causing delamination of the tubules and lamellar layers. The
failure surface of the dry radial condition, found in Figure 2.6(a), clearly shows channels
left by tubule pullout. A partially delaminated tubule circled in white is illustrated. The
fracture surface of the dry radial keratin also possessed a flaky appearance, shown in
Figure 2.6(b), due to the primary loading of the keratin matrix. Although the increased
moisture content does not significantly reduce the radial strength, ductility increased by
an order of magnitude. The fracture surface morphology in Figure 2.7 reveals the
increased plasticity in the amorphous keratin matrix. Figure 2.7(a) also highlights a very
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distinct channel left by a delaminated keratin tubule. The channel diameter in Figure
2.7(b) is 56 μm, which is in the range for tubule diameters (Trim et al. 2011).

Figure 2.6

Scanning Electron Microscope (SEM) images showing the fracture surface
of a dry radial high rate tension specimen showing (a) brittle failure and
tubule debonding circled in white. (b) Image showing the tubule zoomed
in.

Figure 2.7

Scanning Electron Microscope (SEM) images showing (a) the fracture
surface of a wet radial high rate tension specimen with delaminated tubule
region highlighted in white and (b) a zoomed in region of the delaminated
tubule.
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Under high rate loading, the moisture content reversed the stress state that caused
the highest yield strength. In dry conditions, compression caused the highest yield
strength. In wet conditions, the highest yield stresses came from tensile loading. This is
the first time that the authors’ are aware that moisture induces a yield stress asymmetry
that reversed. When compared to quasi-static mechanical properties, high strain rates
resulted in a greater flow stress for both compressive and tensile loading in the hydrated
condition, while maintaining a fairly large ductility. We note that greater strength and
ductility lead to better energy absorption. This result is important, because ram impacts
occur in nature at high rates, and the moisture content of their horns has been shown to
contain approximately 20 % water (Kitchener and Vincent 1987), placing it between the
bounds of the two conditions tested in our study. The 20 % moisture content could
possibly represent an optimized combination of strength and energy absorption. This has
yet to be confirmed for horn keratin, but Bertram and Gosline (1987) found that fracture
toughness was maximal in horse hoof keratin at an intermediate moisture content
(18.2 %).
2.3.2

Anisotropy
The compressive strength in the longitudinal orientation is slightly greater than

the radial orientation for dry conditions, although there is some overlap in the error bars.
In wet conditions, there is a negligible change in compressive strength between fiber
orientations. The greater compressive strength in the longitudinal dry condition could be
due to the fibrous tubules resisting the lamellar buckling that occurs in compressive
loading.
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The dry longitudinal tensile specimens withstood greater stresses than the radial
tensile specimens due to the previously mentioned fibrous keratin tubules that run the
length of the horn, causing the material to behave like a long fiber composite. Although
both the tubules and matrix are made of keratin, the fibrous structure of the fibers
compared to the amorphous matrix causes this strength increase. This effect is similar to
recently created self-reinforcing thermoplastics. A common example is self-reinforcing
polypropylene composites, such as Tegris®, Pure®, and Curv®. Such materials can
consist of spun fibers or extruded tapes woven into a fabric, then pressed into plates using
pressure and heat. The resulting composite is typically much stronger than the parent
material alone.
2.3.3

Strain Rate Dependence
Horn keratin demonstrates a clear dependence on strain rate in both tension and

compression. To demonstrate this, quasi-static data from Trim et al. (2011) was
combined with high rate testing results in Figure 2.8- Figure 2.11. The strain rate
dependence occurs in both the longitudinal and radial orientations, but appears to be more
substantial in the longitudinal orientation shown in Figure 2.8 and Figure 2.9. The largest
increase in strength occurred in the dry longitudinal condition (Figure 2.8) during
compressive loading, when the ultimate strength increased from 81 MPa to 151 MPa as
the strain rate increased from 0.003 s-1 to 1300 s-1. The dry longitudinal compressive
strength of 151 MPa at 1300 s-1 well exceeds that of polycarbonate at 2000 s-1, which was
shown to be 117 MPa (Blumenthal 2002). When the moisture content increased to 35 %,
strain rate dependence decreased (Figure 2.9). In the radial orientation, the strain rate
dependence became less pronounced (Figure 2.10 and Figure 2.11). One notable
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observation is that for the wet condition for both orientations, the strain rate dependence
was greater in compression. For the dry condition, the strain rate dependence was greater
in tension.

Figure 2.8

Stress-strain test results from the longitudinal dry condition over different
stress states and strain rates.

Note the increase in stress caused by higher strain rates for both tension and compression.
Positive and negative strain rates represent tension and compression, respectively.
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Figure 2.9

Stress-strain test results from the longitudinal wet condition over different
stress states and strain rates.

High rate tensile loading caused the greatest increase in stress Positive and negative strain
rates represent tension and compression, respectively.

Figure 2.10

Stress-strain test results from the radial dry condition over different stress
states and strain rates.

The strain rate dependence is minor in the radial dry condition. Positive and negative
strain rates represent tension and compression, respectively.
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Figure 2.11

Test results from the radial wet condition over different stress states and
strain rates.

Although high strain rates increased the stress response, strain to failure was decreased.
Positive and negative strain rates represent tension and compression, respectively.
The demonstrated increase in stress at higher strain rates is very significant
considering the function of the horn. As shown in Figure 2.9, the energy absorbed by the
horn in the wet condition is much higher for both tension and compression at higher
strain rates when compared to lower strain rates. At 45 % strain, the keratin absorbed
114 % more energy in tension and 192 % more energy in compression. Because greater
energy is absorbed at larger strain rates, the animal is able to withstand greater violent
impacts while resisting fracture and injury.
2.3.4

Stress State Dependence
The stress state dependence influenced the mechanical behavior the most in the

radial dry condition as shown in Figure 2.10. In this condition, tensile loading produced
very similar results in both failure strength and strain for low and high strain rates,
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including lower strength and very low ductility. During compressive loading the stressstrain behavior differs greatly, particularly at the 0.003 s-1 strain rate, which behaves like
a typical polymer with an initial yield, plateau region, and subsequent densification. The
change in mechanism is due to the relatively weak interfacial strength between the
lamellar layers and keratin tubules, which is exacerbated by tensile loading. Regarding
moisture, the stress state dependence showed that when the specimen was hydrated, high
rate tension produced the highest strength, while compression provided the highest
strength in dry conditions.
2.3.5

Simulation Response
The mechanical response of the ram head was highly dependent on the

constitutive model chosen for the horn keratin. Figure 2.12 shows the acceleration-time
history of the center of gravity (CG) of the ram head. The dry keratin material properties
caused a CG acceleration of 607 G’s, which is well above reported thresholds for human
brain injury. King et al. (2003) predicted a 75 % chance of mild traumatic brain injury
(MTBI) at 98 G’s. Even the low rate wet keratin material properties produced an
acceleration value of 181 G’s that is above this threshold. The acceleration values peaked
at different simulation times due to the different degrees of material stiffness, with the
stiffest material, dry keratin, peaking first. The tensile pressure-time histories shown in
Figure 2.13 had similar shapes when compared to the acceleration plots However, one
key difference exists when comparing the behavior of the dry and high rate wet keratin.
While the dry keratin acceleration is 69 % higher than the high rate wet keratin
acceleration, the dry keratin tensile pressure is only 22 % higher than the high rate wet
keratin tensile pressure. When comparing Figure 2.12 and Figure 2.13, the acceleration
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continues to increase with increasingly stiff material properties, but tensile pressure
appears to be reaching a saturation value. Since acceleration did not saturate, this
phenomenon could point to effects other than those related to material, such as geometric
effects. The possibility of energy absorption due to geometry is investigated later in
Chapter 2. Brain injury in humans has been predicted at pressure values of 83 and 76 kPa
(Zhang et al. King 2004; Ward et al. 1980), and only the low rate keratin produced a peak
value below this threshold, with a tensile pressure value of 68 kPa.

Figure 2.12

Acceleration-time histories taken from the center of gravity (CG) of the
ram head.

Note that all acceleration values are well above a predicted value for 75 % probability of
MTBI of 98.4 G’s found in literature (Zhang et al. 2004).
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Figure 2.13

Maximum tensile pressure in the ram brain using different material
properties for the ram horn.

Note that even at the high impact speed (5.5 m/s), the low rate keratin produces a
pressure in the brain lower than predicted brain injury values of 83 and 76 kPa found in
literature (Ward et al. 1980; Zhang et al. 2004).
The maximum shear strain response of the brain is shown in Figure 2.14. The
behavior is similar to the tensile pressure response, although the peak values occur at a
later time due to the slower wave speed of shear waves compared to pressure waves.
Zhang et al. (2004) predicted a 25 % probability of MTBI at a shear strain level of 0.14.
The low rate wet keratin is the only response below this threshold, although the wet high
rate keratin response is only slightly higher at 0.17. Both the tensile pressure and shear
strain responses for low rate wet keratin were below injury thresholds, but high rate wet
and dry keratin were both above injury thresholds. One problem with the injury threshold
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values found in literature stems from the material models used to form these thresholds.
The thresholds are found by recreating concussive impacts using head models and
monitoring injury metrics in the brain. Typically, the material models for the brain are
calibrated to low rate test data. Because of the strain rate dependence in brain tissue,
these models could be under-predicting pressures found in brain injuries. The brain
model used in this research incorporates strain rate dependence, and is better suited to
capture the brain response at higher strain rates. The horn keratin behavior applied to
these simulations were chosen to represent the extreme values of both strain rates and
moisture content, meaning that the brain response found using the dry keratin properties
could illustrate the “worst case scenario” that a ram experiences. Knowing that rams do
not appear to lose consciousness or suffer serious injury during these impacts, the brain
response during the “worst case scenario” could produce true injury metrics. In this
study, the maximum tensile pressure and maximum shear strain values in the brain using
dry horn keratin were 245 kPa and 0.28, respectively.
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Figure 2.14

Maximum shear strain in the ram brain using different material properties
for the ram horn.

Note that even at the high impact speed (5.5 m/s), the low rate keratin produces a
maximum shear strain in the brain well below a predicted value for 25 % probability of
MTBI of 0.14 found in literature (Liying Zhang, Yang, and King 2004).
2.4

Conclusions
The horn keratin of bighorn sheep is well-suited for sustaining impacts. While

strength is reduced in the hydrated condition, the large increases in ductility greatly
enhance the energy absorbed, or toughness, of the horn. This effect has been reported in
literature for quasi-static strain rates but not at higher strain rates as reported herein. This
research revealed that keratin exhibited a pronounced stress increase at higher strain rates
(similar to polymers), which further adds to the toughness of the horn during impacts.
The current study is also the first of its kind to study the brain response of a ram during
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an impact. Some key conclusions from the mechanical testing of horn keratin are
summarized below:


Horn keratin demonstrates a clear strain rate dependence in both tension and
compression. As the strain rate increased, the flow stress increased.



Horn keratin ductility increased in the hydrated condition at high strain rates.



Increased moisture content decreased strength in the horn keratin at high strain
rates.



The horn keratin energy absorption increased in the hydrated condition at high
strain rates when compared to quasi-static data. At 45 % strain, the keratin
absorbed 114 % more energy in tension and 192 % more energy in compression.



Compressive failure at high strain rates occurred by lamellar buckling in the
longitudinal orientation and shear delamination in the radial orientation



Tensile failure at high strain rates in the longitudinal orientation occurred by
lamellar delamination combined with tubule pullout and fracture. In the wet
condition this failure was much more ductile and showed a much higher degree of
fiber pullout.



Tensile failure at high strain rates in the radial orientation occurred primarily by
matrix failure in both wet and dry conditions. Radial fiber pullout was also
present in both conditions, but the wet condition fracture surface showed
increased keratin matrix ductility.



The standard acceleration injury metrics for humans do not hold true for rams.
Some accelerations observed in the ram (607 G’s) were an order of magnitude
higher than predicted injury values (98 G’s for 75 % chance of MTBI (King et al.
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2003)). The maximum tensile pressure and maximum shear strain values of 245
kPa and 0.28 for the dry keratin could represent true brain injury metrics.


Tensile pressure in the brain does not continue to increase at the same rate as
acceleration with stiffer material properties. While the dry keratin acceleration is
69 % higher than the high rate wet keratin acceleration, the dry keratin tensile
pressure is only 22 % higher than the high rate wet keratin tensile pressure.
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GEOMETRIC EFFECTS ON STRESS WAVE PROPAGATION IN DIFFERENT
MATERIALS AND LOADING CONDITIONS
3.1

Introduction
In the previous chapter, impacts in bighorn sheep were found to produce

extremely high head center of gravity (CG) accelerations that increased sharply when
stiffer material properties were used to model the ram horn keratin. However, the tensile
pressure in the brain did not increase at the same rate as the acceleration. This
phenomenon seems to indicate that while the material is responsible for the increase in
acceleration, another factor may be decreasing the pressure. This inspiration led to the
investigation of the ram horn geometry, which is a tapered spiral. Spirals appear in nature
in other shock absorbing systems, such as the woodpecker hyoid bone (Lee et al. 2014).
Trim (2011) first looked at the geometric effects caused by the tapered spiral on stress
waves in steel. He found that the impulse, defined as the integration of pressure over
time, was lowered by both tapered and spiral geometries, which introduced shear stresses
when the longitudinal pressure wave impinged on convergent and free boundaries. Shear
waves possess a lower wave speed than longitudinal waves due to the shear modulus,
typically much smaller than the Young’s modulus of the material, which is used in the
calculation of the wave speed. We wondered if the shape of the spiral played a role in
energy dissipation and shock wave mitigation in other material systems, such as weaker
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metals, polymers and ceramics. This study expands on the work performed by Trim
(2011) by showing the geometric effects on stress waves transmitted through three
different solid materials (elastic, plastic, and viscoelastic) and different input pressure
profile loading conditions.
3.2

Materials and Methods
Figure 3.1 depicts the four geometries that were studied along with the load and

prescribed boundary conditions. Table 3.1 provides the dimensions used in the finite
element analysis. The total length and cross-sectional diameters at the starting end were
maintained among the four geometries. The ratio of the large and small-end diameters
was also consistent for the tapered geometries.
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Figure 3.1

Schematic representation of the four finite element meshes illustrating the
four different geometric configurations with the same length and initial bar
diameter used in the analysis.

The figure was originally created by Trim (2011). Used with permission.
Table 3.1

Geometric dimensions used in finite element analysis.

Geometry
Cylinder
Tapered
Cylinder
Spiral
Tapered Spiral

Total
Length,
L (mm)
704

Fixed-end
Diameter,
d1 (mm)
30

Free-end
Diameter,
d2 (mm)
30

Fixed-end
Area,
A1 (mm2)
707

Free-end
Area,
A2 (mm2)
707

704

30

5.3

707
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704
704

30
30

30
5.3

707
707

707
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The finite element program Abaqus (Dassault Systèmes, Waltham, MA), a stress
wave dynamics code, was used as the numerical model in this study. To demonstrate
material independence, material properties for three different materials were used. The
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materials are metal (AM30 magnesium denoting a common plastic material), polymer
(Polycarbonate denoting a common viscoelastic material), and ceramic (Silicon Carbide
(SiC) denoting a common elastic material) were investigated. These materials were also
of interest due to their applications in impact scenarios. SiC has been previously used in
ceramic plates in bulletproof vests. Polycarbonate is the most common material used in
football helmets, and AM30 has been investigated as a possible material for automobile
crash rails. Table 3.2 lists material properties for these materials. Material data for the
plastic behavior of AM30 and viscoelastic behavior of Polycarbonate (Bouvard et al.
2010) were used in Abaqus. SiC was modeled as purely elastic due to its brittle nature. A
compressive pressure pulse was applied in four different loading conditions to the end of
each bar as illustrated in Figure 3.2(a-d). The peak amplitude was set as 130 MPa and
the duration of pressure application was calculated to ensure the area under the pressure
versus time curve (impulse) remained consistent between all four loading conditions.
These four different loading applications were studied to ensure that impulse mitigation
was not dependent on a single loading condition. For brevity, all results other than
normalized impulse and maximum transverse displacement were found using the
consecutive increasing and decreasing pressure pulse. However, all other loading
conditions repeated the same trends. The pressure amplitude chosen ensured the plastic
regime was reached in AM30 and viscoelastic regime was reached in Polycarbonate. SiC
behavior is elastic and as a result was not a factor in pressure amplitude selection. The
nodes along the outer perimeter of the load end were pinned for all cases. The simulation
time was chosen to allow the resulting compressive stress wave to propagate to the free
end prior to terminating the calculation. This time corresponded to 150 μs for AM30, 450
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μs for Polycarbonate, and 60 μs for SiC. All geometries were meshed with threedimensional, eight-noded, continuum, linear, brick elements with reduced integration and
hourglass control (C3D8R) and an average of 5818 elements. A mesh refinement study
focused on the impulse was performed on AM30 using additional average mesh sizes of
9509 and 3816 elements to ensure mesh size did not affect the results.
Table 3.2

Material properties used in finite element analysis.
Material

AM30
Polycarbonate
Silicon Carbide

Density
(kg/m3)
1780
1200
3100

Young’s
Modulus (GPa)
44
2.4
410
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Poisson’s Ratio
0.35
0.37
0.14

Figure 3.2

Fixed end loading conditions.

(a) Increasing ramped pressure pulse (b) decreasing ramped pressure pulse (c) step
pressure pulse (d) consecutive increasing and decreasing pressure pulse. The peak
amplitude was set as 130 MPa. Loading times vary to ensure consistent impulse is
applied to the free end.
Pressure and von Mises contour plots were generated when the wave front was at
distance 1/3L, 2/3L, and L. Pressure and displacement response histories were generated
at a distance of 0.1 m away from the free end to avoid edge effects. The distance
corresponded to a rotation of 180 degrees from the free end on the spiraled geometries.
The pressure histories were created by averaging the respective output of each node lying
on the cross-section at the specified offset from the free end. The impulse caused by the
initial compressive wave was found by multiplying the offset cross-section pressure
history by the respective cross-sectional area of each geometry, followed by integration
of the resulting force-time history. The impulse values of the cylinder were used to
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normalize the results. The maximum shear stresses and maximum transverse
displacement, which is considered perpendicular to the longitudinal axis, was also found
at the offset cross-section. For the tapered spiral, the change in strain energy between the
elements at the loading location and the elements at the target location, 0.1 m from the
free end, was investigated to include shear stresses and further verify dissipative
properties for this geometry. By examining the strain energy, the possibility of mistaking
a very low impulse for an average of equal and opposite pressures in the same plane
would be minimized. The strain energy at the loading location was used to normalize the
results. The time was also doubled to allow the responding oscillations and vibrations
affect the wave as it returned through the bar.
3.3

Results
Figures 3.3-3.5 show the pressure contour plots for the cylinder, tapered cylinder,

spiral, and tapered spiral using AM30, Polycarbonate, and SiC material properties when
the wave front is at distance 1/3L, 2/3L, and L. These plots illustrate the differences in
the pressure wave propagating through each of the geometries despite all of the
geometries having the same length, initial diameter, and initial BCs. In the cylinder and
tapered cylinder, the initial compressive wave shape remained mostly unchanged,
although the shear stresses that arose in the tapered geometry gave the appearance that
the compressive wave lengthened. In the spiral and tapered spiral geometries, the
longitudinal input wave changed drastically in form as it reflected off of the free surfaces
caused by the boundaries.
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Figure 3.3

Pressure contour plots in AM30.

Figure 3.4

Pressure contour plots in Polycarbonate.
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Figure 3.5

Pressure contour plots in Silicon Carbide.

Figures 3.6-3.8 show the von Mises stresses generated in the simulations. By
examining the contours as the time progresses, more reflections and subsequent shear
stresses are observed. Figures 3.9-3.11 show the maximum shear stress values generated
in the simulations at a distance of 0.1 m away from the free end under different loading
conditions. The greater pressure and shear stresses caused by the tapered cylinder
geometry can be seen in Figures 3.3-3.11. The tapered geometry also led to greater
uniaxial stresses. Figures 3.6-3.8 show greater shear stresses in the spiral geometry when
they are created by the interaction between the initial longitudinal wave and the free
surfaces of the boundary. Combining the effects of the taper and spiral, the greatest shear
stresses are observed in the tapered spiral geometry for all materials and loading
conditions. The creation of these shear waves is relevant because shear waves travel
slower than longitudinal waves, thereby removing energy from the initial compressive
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wave. Also of note, the difference in speed of the waves and reflection of waves can lead
to dispersion and/or cancellation of the wave, resulting in a lower impulse near the free
end of the rod.

Figure 3.6

Von Mises contour plots in AM30.
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Figure 3.7

Von Mises contour plots in Polycarbonate.

Figure 3.8

Von Mises contour plots in Silicon Carbide.
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The transverse displacement induced in the different geometries is another
significant difference. The transverse displacement is considered perpendicular to the
longitudinal axis of the geometry. Charts in Figures 3.9-3.11 show the maximum
transverse displacements found in the elements 0.1 m from the free end of each geometry.
The cylinder and tapered cylinder show small transverse displacements as the wave
remained parallel to the linear longitudinal axis. The spiral and tapered spiral, however,
show significant transverse displacements, independent of loading conditions or choice of
material type. The introduction of the shear waves and reflection of the longitudinal wave
with the free surfaces caused the large transverse displacements. The transverse
displacement amplitudes in the tapered spiral were greater than the spiral geometry due to
the focusing of the waves by the taper. Figures 3.12-3.14 show the transverse
displacements.
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Figure 3.9

Maximum shear stress in AM30 under (a) increasing ramped pressure pulse
(b) decreasing ramped pressure pulse (c) step pressure pulse (d)
consecutive increasing and decreasing pressure pulse.

Figure 3.10

Maximum shear stress in Polycarbonate under (a) increasing ramped
pressure pulse (b) decreasing ramped pressure pulse (c) step pressure pulse
(d) consecutive increasing and decreasing pressure pulse.
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Figure 3.11

Maximum shear stress in SiC under (a) increasing ramped pressure pulse
(b) decreasing ramped pressure pulse (c) step pressure pulse (d)
consecutive increasing and decreasing pressure pulse

Figure 3.12

Free-end transverse displacement response and in AM30 under (a)
increasing ramped pressure pulse (b) decreasing ramped pressure pulse (c)
step pressure pulse (d) consecutive increasing and decreasing pressure
pulse.
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Figure 3.13

Free-end transverse displacement response and in Polycarbonate under (a)
increasing ramped pressure pulse (b) decreasing ramped pressure pulse (c)
step pressure pulse (d) consecutive increasing and decreasing pressure
pulse.

Figure 3.14

Free-end transverse displacement response and in Silicon Carbide under
(a) increasing ramped pressure pulse (b) decreasing ramped pressure pulse
(c) step pressure pulse (d) consecutive increasing and decreasing pressure
pulse.
43

Figures 3.15-3.17 show a comparison of the normalized impulse at a distance of
0.1 m away from the free end under different loading conditions. The impulse values of
the cylinder are used to normalize the results and provide a simple comparison. The
cylinder geometry admitted the greatest impulse throughout the wave motion. The
tapered geometry reduced the impulse when compared to the cylinder. The spiral
geometry dramatically reduced the impulse, even when compared to the tapered cylinder
geometry. Consequently, when both the taper and spiral geometries were added together,
the most impulse mitigating geometry arose, reducing impulse by an average of 98.3 %
across all materials and loading conditions. This result was repeated in all four loading
conditions shown in Figure 3.2, as well as all three material types. Figure 3.18 shows the
normalized strain energies at the loading location, labeled Initial in the figure, and at the
location 0.1 m from the free end, labeled Final, of the tapered spiral for all materials and
loading conditions. Because the loading location strain energy was used to normalize the
values, the Final value for each material and loading condition represents the percentage
of initial strain energy that traveled down the bar. When comparing the strain energy in
Figure 3.18 to the impulse for the three materials in Figures 3.15-3.17, we see identical
trends for both metrics (strain energy and impulse) in which more dissipation occurs in
the tapered spiral geometry. As such, the averaging procedure for determining the
impulse through the cross section works well. Figure 3.19 shows the normalized impulse
in AM30 using one smaller and one larger mesh size. The same impulse reduction
occurred in both cases, demonstrating mesh size independence. Interestingly, an inverse
correlation exists between the impulse and transverse displacement. As the value of
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impulse decreased, transverse displacement increased, with the tapered spiral producing
both the lowest impulse and highest transverse displacement.

Figure 3.15

Normalized impulse in AM30 under (a) increasing ramped pressure pulse
(b) decreasing ramped pressure pulse (c) step pressure pulse (d)
consecutive increasing and decreasing pressure pulse.
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Figure 3.16

Normalized impulse in Polycarbonate under (a) increasing ramped pressure
pulse (b) decreasing ramped pressure pulse (c) step pressure pulse (d)
consecutive increasing and decreasing pressure pulse

Figure 3.17

Normalized impulse in SiC(a) increasing ramped pressure pulse (b)
decreasing ramped pressure pulse (c) step pressure pulse (d) consecutive
increasing and decreasing pressure pulse.
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Figure 3.18

Normalized strain energy at loading location (Initial) and 0.1 m from free
end (Final) under (a) Increasing ramped pressure pulse (b) decreasing
ramped pressure pulse (c) step pressure pulse (d) consecutive increasing
and decreasing pressure pulse.

Figure 3.19

Normalized impulse in AM30 under consecutive increasing and decreasing
pressure pulse with average mesh sizes of (a) 9509 and (b) 3816 elements.
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3.4

Discussion
Bio-inspired design has received a great deal of interest in recent literature

(McKittrick et al. 2010; Mohammed and Murphy 2009; Munch et al. 2008) The bioinspired design movement has prompted investigation into biological shock absorbing
systems. As previously mentioned, the woodpecker’s hyoid bone and horn of the bighorn
sheep are two tapered spiral systems. The bighorn sheep horn is made of keratin, which is
highly similar to the viscoelastic Polycarbonate used in this simulation in terms of
material properties and behavior. This study replicated these natural designs using similar
materials and geometries to reveal how these systems are so effective.
The woodpecker hyoid bone, not observed in other birds, aids the woodpecker in
evenly distributing incident mechanical excitations from drumming and to reinforce the
head, i.e. the hyoid bone bypasses the vibrations generated from drumming (Yoon and
Park 2011). The woodpecker can repeatedly strike a tree trunk at a speed up to 7 m/s,
causing a deceleration on the order of 1000 g’s (May et al. 1979). They can repeat this
striking up to 300 times per minute (Backhouse 2005). Oda et al. (2006) used the Finite
Element Method (FEM) to show that the hyoid bone effectively protects the
woodpecker’s brain from stress wave damage. In this case the spiral geometry also serves
as a mechanism to dissipate energy from the transmitted stress waves.
Another impact absorbing system closely demonstrating the tapered spiral
geometry studied is the horn of the bighorn sheep. Male bighorn sheep engage in fights
when they move to seasonal home ranges and encounter strangers or when challenging
tending rams for mating access to defended estrous ewes (Geist 1998; Hogg 1984).
During these fights, the rams’ horns clash together at high speeds, up to 5.5 m/s and
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causing forces up to 3400N (Kitchener 1988). The horns protect the ram’s head during
the fight, which makes their function vital to the safety of the ram. Considering these
high loads and lack of perceived injury, the tapered spiral geometry of the horn is very
effective in mitigating energy from the stress wave.
With the reoccurrence of the tapered spiral in some of the most extreme cases of
impact in the woodpecker’s hyoid bone and ram’s horn, clearly there is a correlation
between geometry and stress wave mitigation. Designers should take these findings into
consideration when creating products for impact protection and wave mitigation. A
manmade successful example is the anechoic chamber. Anechoic chambers also use
wedges to form sound proof rooms (Beranek 1946). The sound waves travel in between
these wedges and are absorbed. The wedge of air closely resembles the tapered cylinder
from this study, which has been shown in the results to reduce impulse by focusing the
wave and creating shear stresses that can lead to dispersion. The tapered spiral is also
found in many forms of seashells. The tapered spiral caused the greatest pressure and
impulse dissipation by the introduction of slower moving shear waves and by admitting
greater deformations caused by the created shear waves and convergent boundaries.
Future work might include investigating this shape and also the three-dimensional helical
design of the ram’s horn previously discussed to determine the differences compared to
the tapered spiral.
3.5

Conclusions
The following conclusions can be made regarding this study:


In all materials and loading conditions the tapered geometry lowered the pressure
and impulse due to the convergent boundary and decreasing cross-sectional area.
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The tapered geometry also introduces small shear stresses that also help lower the
impulse by removing energy from the initial longitudinal wave.


The spiral geometry introduces shear waves in the spiral geometry lowers impulse
by causing transverse displacements that help reduce the pressure and impulse.
This effect was observed in all materials and loading conditions.



The tapered spiral caused the greatest pressure and impulse reduction in all
material types and loading conditions
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TOPOLOGY OPTIMIZATION OF A FOOTBALL HELMET FACEMASK BASED ON
BRAIN RESPONSE
4.1

Introduction
Chapter 3 proved that large changes in performance can be obtained simply by

changing geometry. This bio-inspiration led to the idea of topology optimization of a
football helmet in order to reduce the risk of brain injury. We hypothesized that if the
geometry of the ram horn affected the pressure in the ram brain, the facemask design
would affect the pressure in the human brain. Even with recent advances in helmets,
approximately 1.6-3.8 million sports related traumatic brain injuries (TBI’s) occur each
year (Langlois et al. 2006). Although no universally accepted definition of “concussion”
exists, a consensus has arisen that a concussion is “a complex pathophysiological process
affecting the brain, induced by traumatic biomechanical forces”(McCrory et al. 2013).
Recently, brain injuries suffered by National Football League (NFL) players have gained
a great deal of attention. In 2005, a study found that NFL players exposed to multiple
concussions suffered clinical depression at three times the rate of the rest of the
population, and other studies showed that NFL players with concussion history are five
times more likely to suffer cognitive impairment (Guskiewicz et al. 2005; Guskiewicz et
al. 2007). A recent National Collegiate Athletic Association (NCAA) study demonstrated
that players with a history of previous concussions were more likely to have future
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concussive injuries than those with no history (Guskiewicz et al. 2003). A different study
showed that more than 5 % of high school and collegiate players sustained a concussion
in a season (Guskiewicz et al. 2000). Similar stories surfaced frequently during the past
several years, in which NFL players were diagnosed with Chronic Traumatic
Encephalopathy (CTE), which is a buildup of tau protein in the brain, leading to memory
loss, behavior and personality change, confusion, dementia, and depression that has
sometimes led to suicide (McKee et al. 2009). One of the most recent examples of the
gravity of the TBI problem in professional football comes from a court filing involving
the NFL. In 2014, lawyers for the NFL stated that approximately twenty-eight percent of
former players are expected to suffer from some type of neurological problem (Belson
2014).
Despite all of the studies showing the dangers of concussions, we have only seen
very incremental improvements of the football helmet design and fabrication during the
past few decades and scarcely any changes to facemasks. When attempting to improve
helmet protection, facemasks are typically overlooked, and the focus is usually directed
to the foam liner. However, a recent study of 182 severe NFL impacts found that 29 %
involved the facemask. The study also found that the concussions occurred at the lowest
peak head acceleration in facemask impacts at 78±18 g’s, compared to 107-117g’s for
shell impacts (Pellman et al. 2003a; Pellman et al. 2003b). Craig (2007) demonstrated
that removal of two facemask bars caused a reduction in head acceleration of
approximately 30 %, which clearly shows that helmets can be made safer by optimizing
the facemask.
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Very little research exists concerning computational design optimization of any
type of helmet. Tinard (2012) applied manual modifications to a motorcycle helmet based
on modal analysis in order to reduce von Mises stress in the brain. Shuaeib et al. (2007)
performed single objective optimization on a motorcycle helmet to determine foam
density, foam thickness, and shell thickness in order to minimize the peak acceleration,
but this did not include the human head. Our research is the first of its kind to perform
multi-objective design optimization on a football helmet, and is also unique to most
design optimization methods in that brain injury metrics (tensile pressure and shear
strain) are used as objective functions.
4.2
4.2.1

Methods and Materials
Simulation Setup
A three-dimensional finite element mesh was created from Computed

Tomography (CT) scan data using the ScanIP software environment (Simpleware Ltd,
Exeter, UK). The scan data consisted of a human head and football helmet provided by
Rush Sports Medical. The resulting human head model comprised eight different
materials representing the helmet facemask, helmet shell, helmet liner, flesh, cortical and
cancellous bone, cerebro-spinal fluid (CSF), and brain. Because facemask topology
optimization was the goal of this study, the original facemask was not needed. However,
a baseline simulation was performed using the original facemask to compare the brain
response in the optimized facemask design.
In order to perform topology optimization, a new facemask was built in
SolidWorks (Dassault Systèmes, Waltham, MA), with the entire design space modeled as
solid material as shown in Figure 4.1 below. The design space consisted of the front
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portion of the facemask that protects the player’s face. This model was then meshed
using Hypermesh (Altair Hyperworks, Troy, MI). The design space of the facemask was
made up of 61,100 hexahedral elements. The meshed facemask with the complete
helmeted head model contained 2,578,464 elements. The design space of the facemask
was then separated into cubic sets of elements, forming a grid on the solid facemask
region. Each set was approximately a 6 mm cube, which was chosen to match the
thickness of state-of-the-art facemask bars. The cube sets were produced so that different
candidate designs could be created by activating or deactivating the sets, rather than
creating a new FE model for each design. Further explanation on the solid facemask
design is provided in Section 4.2.5 below.

Figure 4.1

Facemask mesh using three dimensional hexahedral elements with design
space highlighted in red.

To model the effects of jaw loading during the impacts, a chinstrap was modeled
using axial connector elements in Abaqus (Dassault Systèmes, Waltham, MA), along
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with a kinematic coupling on the chin to represent the chin cup. A surface was created on
the chin and included in a kinematic coupling with a reference node to control the
behavior. An elastic axial connector element connects the reference node of the chin
surface to four points on the helmet shell to represent the chinstrap behavior. The axial
load in the connector element corresponded to tensile behavior of current chinstraps,
which produced primarily a linear elastic behavior during in-house testing.
The helmeted head model was impacted by a linear impactor matching a proposed
test standard by the National Operating Committee on Standards for Athletic Equipment
(NOCSAE). The majority of all football organizations, including the NCAA and NFL,
require football helmets and facemasks to be certified by NOCSAE before being used in
a game. The proposed standard consists of an impactor head on a pneumatic ram that
impacts a stationary helmeted headform at different velocities. The linear impactor head
weighs 13.3 kg and contains a convex nylon face backed by 35 mm of foam. This
impactor head is mounted to a pneumatically driven ram that impacts a helmeted
headform mounted on a Hybrid III neck at prescribed locations. The impactor foam and
convex face were modeled in Abaqus, and the remaining mass (13.3kg – (foam mass +
convex face mass)) was applied to a rigid plate and added to the back of the impactor
foam. Two impact locations were chosen to represent common impacts to the facemask.
These locations were based on previous studies investigating facemask impacts. Craig
(2007) performed an analysis of 174 NFL impacts that were also reviewed by Pellman et
al. (2003a; 2003b) in order to propose test conditions for football helmet evaluations. The
combined efforts of these two studies resulted in test locations labeled A and A’ in Figure
4.2. Condition A involves a forward rotation of the Frankfort plane (plane from ear holes
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to the bottom of the eye sockets) of 7°, followed by a 45° rotation about the vertical axis
of the neck. Condition A’ is a mid-sagittal impact with the Frankfort plane rotated
rearward 10°. Viano (2005) tested modern football helmet performance using the
NOCSAE linear impactor method and also selected conditions A and A’ for facemask
impacts. Impacts targeting lower portions of the facemask were not used in this study due
to the high degree of chinstrap loading. The impact speed for all impacts was 6 m/s
(Craig 2007). Higher impact velocities are not uncommon; however, the elevated speeds
sometimes lead to deformation of the facemask. The goal of this study is to optimize the
facemask geometry while maintaining its utility for more than one impact. Plastic
deformation would likely also dissipate energy, and could complicate the optimization
process by giving the appearance of superior performance in comparison to a facemask
that remained elastic.
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Figure 4.2

Finite element simulation impact locations of the human head in a football
helmet used in this study.

A 45° facemask side impact is shown on the left, and a 0° frontal facemask impact is
shown on the right.

4.2.2

Material Properties
The facemask material is Ti-6Al-4V titanium with elastic properties, which were

chosen for its high strength and light weight relative to low carbon steel. Because
facemasks protect the face of the player from contact, plasticity was considered
unacceptable for this study, so the yield point was a critical constraint. Also, elastic
properties could be used to describe the facemask behavior. The helmet shell and foam
padding properties were linear elastic and hyperelastic, respectively, and were fit to
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experimental data from the helmet. A large collection of material properties for the
human head exists in the literature, and Table 4.1 lists the values used in this study, along
with the associated references. The skull consisted of three layers, an inner and outer
layer of dense cortical bone and a porous diploe layer sandwiched in between the cortical
layers. The elements were modeled with elastic-plastic material properties, which were
selected to match dynamic compressive loading data (Boruah et al. 2013; McElhaney et
al. 1970; Bayraktar et al. 2004). The cerebrospinal fluid (CSF) was modeled using linear
elastic solid elements with a low shear modulus (Zhang et al. 2001; Mao et al. 2013;
Ganpule et al. 2013; Tse et al. 2015). Several different skull-CSF and CSF-brain interface
modeling methods were investigated. Allowing for surface element separation at the
interface can cause excessive deformation of the brain elements and numerical instability.
Because the CSF is nearly incompressible, a gap at this interface is unlikely. Abaqus only
allows a no-separation condition to be used in conjunction with a rough friction
condition. As a result, a tied contact algorithm was used for the interface The brain
behavior was modeled by the MSU TP 1.1 internal state variable material model (Prabhu
et al. 2011; Bouvard et al. 2010). This model was calibrated to data from high rate
compression experiments on porcine brain at different strain rates.
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Table 4.1

Material properties used in simulation
Material

Density
(kg/m3)

Elastic Modulus
(MPa)

Poisson
Ratio

Facemask (Ti-6Al-4V)

4.43

113,000

0.342

Helmet Shell (Fiber Composite)

1.5

3356

0.4

Helmet Liner Foam

0.16

Hyperelastic

0.15

Skin
(Horgan and Gilchrist 2003)

1.2

16.7

0.42

Cortical Bone
(Boruah et al. 2013; Bayraktar et al.
2004; McElhaney et al. 1970)

2

10000

0.22

Cancellous Bone
(Boruah et al. 2013; Bayraktar et al.
2004; McElhaney et al. 1970)

1

390

0.19

CSF
(L. Zhang et al. 2001; Mao et al.
2013; Ganpule et al. 2013; Tse et al.
2015)

1.04

0.299

0.496

Impactor Face

1.15

Hyperelastic

0.49

Impactor Foam

0.16

Hyperelastic

0.15

4.2.3

Brain Model Validation
In order to validate the Finite Element (FE) head and brain response, the head

impact experiments of Nahum et al. (1977) were recreated. In these experiments, seated
cadavers were impacted by a rigid impactor in the mid-sagittal plane on the frontal bone.
The skull was rotated forward so that the Frankfort plane made a 45° angle to the
horizontal plane. Pressure transducers placed in holes in the skull at varying locations,
including the frontal and posterior fossa regions, tracked the pressure response. The input
force of the impactor was recorded, along with the pressure-time histories inside of the
skull. Because the rigid impactor contained an unknown padding material, the input force
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of the impactor was applied as a distributed load to an area of 1556 mm2 at the impact
location with a peak pressure of 5.05 MPa (Chen and Ostoja-Starzewski 2010). Figure
4.3 shows that the results of the validation simulation showed good agreement with the
experimental pressure-time histories. Although the frontal pressure reached a peak
14.6 % greater than the experimental values, and the posterior fossa pressure was 5.9 %
greater than experimental values, the trends were similar.

Figure 4.3

Comparison of validation finite element simulation and experimental
results.

The above figure shows (a) the human head mesh that was generated from computed
tomography imaging and the associated spatial locations of front and posterior fossa
locations, (b) the pressure-time history at the frontal location, and (c) the pressure-time
history of the posterior fossa location. The experimental results were garnered from
Nahum et al. (Nahum, Smith, and Ward 1977).
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4.2.4

Optimization Problem Formulation
The general optimization problem for this research is posed as Eq. 1 below:
Min fi ( Xj )

Xj = X1, X2, X3, X4, X5

subject to g1 (Xj) ≥ 0.15
g2 (Xj) ≤ 0.35

(4.1)

where fi(x) are the objective functions to be minimized and g1 and g2 represent the lower
and upper bounds on the solid fraction of the facemask design space. As mentioned
previously, designs were limited to horizontal and vertical bars only and were symmetric
about the centerline of the facemask. This symmetry constraint meant that designs need
only describe one half of the facemask design space, which could then be mirrored about
the centerline. The size of the design space combined with the 6 mm bar thickness
allowed for 24 potential vertical bar locations and 13 potential horizontal bar locations.
During the optimization process, binary strings were used to represent the location of
bars, with a “1” resulting in a bar and a “0” resulting in void space. Rather than use a two
variable optimization consisting of very large 24 bit and 13 bit binary strings, each
variable was split to produce smaller binary strings. Variables X1-X3 were eight bit
strings controlling the location of vertical bars, and variables X4 and X5 were seven and
six bit strings controlling the placement of horizontal bars.
The objective functions represented the injury metrics (peak tensile pressure,
maximum shear strain, and the acceleration at the head’s center of gravity) for front and
side impacts. The peak tensile pressure and maximum shear strain in the brain are
responsible for the mechanical damage level that the brain would experience and as such
were chosen as objective functions for minimization in order to demonstrate how the
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optimum design changed for each metric. Because the objective functions can only be
found by running full scale finite element simulations requiring high performance
computing, direct coupling between the simulation and optimization routine is not
feasible with respect to timeliness. As a result, surrogate modeling was employed for this
problem and is explained below in Section 4.2.5. Three optimizations were performed.
The first used maximum tensile pressure in the brain in front and side impacts for a two
objective function optimization. Pressure in the brain has previously been used as an
injury predictor (Pellman et al. 2003; Zhang et al. 2004), and Prabhu (2011) showed
specifically that tensile pressure correlated well with TBI by recreating a case study of a
warfighter who received a mild traumatic brain injury. The second used maximum shear
strain in the brain in front and side impacts for a two objective function optimization. The
third used the peak head center of gravity (CG) acceleration in front and side impacts for
a two objective optimization. Maximum shear strain and CG acceleration are also
common injury metrics found in literature (Zhang et al. 2004; King et al. 2003; Pellman
et al. 2003b). Optimized design points were selected from the Pareto front and validated
with a full scale finite element simulation.
4.2.5

Surrogate Modeling and Design of Experiments
Surrogate models provide a tractable substitute for expensive physical simulations

and an effective solution to the potential lack of quantitative models of system behavior
(Jin et al. 2001; Forrester and Keane 2009). These capabilities not only enable the
efficient design of complex systems but are also essential for the effective analysis of
physical phenomena/characteristics in the different domains of Engineering, Material
Science, Biomedical Science, and various other disciplines. Complete helmet-head
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impact simulations are computationally expensive, and make coupled optimization
prohibitive from a time/cost perspective. Therefore, surrogate models are used in this
paper to substitute the expensive analytical simulations of the brain model on different
facemask designs, instead of simplifying the simulation model for the sake of
computational efficiency or limiting the design space exploration.
Owing to the availability of multiple surrogate modeling techniques (e.g., Radial
Basis Function (RBF), Kriging (KR), and Support Vector Regression (SVR)) with
diverse functional characteristics, the selection of the most suitable surrogate model for
the brain model responses on different facemask designs is far from intuitive. The
powerful concurrent surrogate model selection, or COSMOS, framework (Chowdhury et
al. 2014)is thus applied to select the globally-best surrogate model. This model selection
framework, unlike existing model selection methods, coherently operates at all the three
levels necessary to facilitate optimal selection regarding (1) the model type, (2) the kernel
function type, and (3) determining the optimal values of the typically user-prescribed
parameters. The selection criteria that guide optimal model selection are determined by
Predictive Estimation of Model Fidelity (PEMF) (Mehmani et al. 2015), and the search
process is performed using a mixed integer nonlinear programing (MINLP) solver. The
candidate model-kernels considered in this paper are listed in Table 4.2, which also
provides a user-specified upper and lower bound of each hyper-parameter.
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Table 4.2
Model
Type

Surrogate model, kernel, and hyper parameter types available for selection
by COSMOS
Kernel/Basis/Correlation
function
Linear
Cubic

Hyper
Lower/Upper
parameter
bounds
Shape parameter,
RBF
Gaussian
𝝈
𝟎. 𝟏 < 𝝈 < 𝟑
Shape parameter,
Multiquadric
𝝈
Correlation
Linear
parameter, 𝜽
Correlation
Exponential
parameter, 𝜽
Kriging
𝟎. 𝟏 < 𝜽 < 𝟐𝟎
Correlation
Gaussian
parameter, 𝜽
Correlation
Spherical
parameter, 𝜽
Shape parameter,
𝟎. 𝟏 < 𝝈 < 𝟑
𝝈
E-RBF
Gaussian
Non-radial
𝟑<𝜸<𝟔
parameter, 𝜸
Penalty
Linear
parameter, C
Penalty
SVR
𝟎. 𝟏 < 𝑪 < 𝟏𝟎𝟎
parameter, C
SVR
𝟎. 𝟏 < 𝝁 < 𝟏𝟎
Gaussian
Kernel width
parameter, 𝝁
Full description of COSMOS can be found in Chowdhury et al. 2014 (Chowdhury et al.
2014)
Construction of surrogate models require response data from training points. The
surrogate models in this study were built using ten Design of Experiments (DOE) points.
Each design point had a design space that contained 15-35 % solid fractions of facemask.
This range corresponded to common facemask designs, while limiting the design space to
reasonable designs. To generate a DOE point, the solid fraction space was sampled using
Latin Hypercube Sampling. For each sample solid fraction, feasible combinations of (#
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vertical bars, # horizontal bars) were generated, based on the formulated constraints. A
feasible combination (# vertical bars, # horizontal bars) was selected and exported to a
binary matrix representing the location of the horizontal and vertical bars. The scope of
this study was limited to designs that were symmetric about the mid-sagittal plane and
consisting only of horizontal and vertical bars. Under this constraint, candidate designs
only needed to be generated for half of the facemask. Candidate designs were created in
MATLAB as a text file of binary numbers, with a 1 representing solid material and a 0
representing a void. This text file was read by a python script, which then used the
position of each binary number to determine its corresponding Abaqus model set. The
script then operated on the solid facemask to remove the elements matching the “0”
positions, resulting in a new input file for each candidate design. The resulting ten DOE
designs are shown in Figure 4.4 below. For each objective function, a full simulation was
run at the design points for the two different impact locations to train the surrogate
model. To ensure the maximum pressure value was not a result of a mesh irregularity, the
aspect ratio of the maximum pressure element as well as all of its connected elements
were verified.
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Figure 4.4

Facemask designs created in the Design of Experiments (DOE) that were
used in the finite element simulations.

The maximum tensile pressure and maximum shear strains determined by the finite
element simulations were used to seed the surrogate model training points.
4.2.6

Multi-objective Design Optimization
After the surrogate models were created for each objective function, they were

used to perform the multi-objective design optimization. Several optimizations were
performed in order to optimize for different combinations of objective functions. All
optimizations were performed using the Nondominated Sorting Genetic Algorithm II
(NSGA-II) (Deb et al. 2002) algorithm implemented in MATLAB. The 15-35 % solid
fraction constraint described in the DOE setup was employed as two separate inequality
constraints. Different values were tested for the population size, but the minimum size
was 100 individuals (twenty times the problem dimensions). The optimization was
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allowed to proceed for 300 generations. After the optimization converged, one or more
individuals were chosen from the Pareto front and validated using a full scale finite
element simulation.
4.3
4.3.1

Results
DOE Responses
Figure 4.5 shows the results for impacts from the full scale finite element

simulations. Due to the large number of results, only the Condition A impact results are
presented. However, the trends were similar for side impacts. The variation in responses
for the ten original DOE designs were 13.6 % for tensile pressure, 21.8 % for peak CG
acceleration, and 135 % for maximum shear strain.
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Figure 4.5

Condition A (frontal impact) finite element simulation results from the
Design of Experiments (DOE) and Baseline designs showing the (a)
maximum tensile pressure, (b) maximum shear strain, and (c) peak CG
acceleration.

Note that the tensile pressure differences were approximately 14 %, the shear strain
differences were approximately 194 %, and the CG differences were approximately 22 %
in the DOE simulation space chosen.
The responses from the DOE points were used to construct surrogate models
using the Collaborative Surrogate Model Selection (COSMOS) tool (Chowdhury et al.
2014). The surrogate model types best suited for the objective functions chosen were
Kriging and Radial Basis Function (RBF). The chosen model and kernel types can be
seen listed in Table 4.3.
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Table 4.3

Optimal surrogate models given by COSMOS
Optimal surrogate models given by COSMOS
Function

Front Impact Maximum
Tensile Pressure
Front Impact Maximum
Shear Strain
Side Impact Maximum
Tensile Pressure
Side Impact Maximum
Shear Strain

Optimal Surrogate model
(Model type/Kernel/ Hyper-parameter values)
Kriging with Gaussian correlation function,
𝜽 = 𝟎. 𝟗𝟏
RBF with Multiquadric basis function
Kriging with Gaussian correlation function,
𝜽 = 𝟎. 𝟒𝟖
RBF with Multiquadric basis function

The results for the optimization using tensile pressure can be seen in Figure 4.6.
The scatter plot shows the normalized objective function values for the DOE points along
with the optimized design point. The decrease in front and side impact tensile pressure
values compared to the baseline design are listed in Table 4.4. The resulting maximum
tensile pressure values in the brain for front and side impacts were 26.2 kPa and 24.7 kPa,
respectively, for the optimum design. The maximum tensile pressure in the brain from the
front impact represented a 7.5 % decrease over the baseline helmet, and the maximum
tensile pressure from the side impact decreased 5.5 % over the baseline helmet.
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Figure 4.6

The multi-objective design optimization result (left) using the maximum
tensile pressure in the brain and illustrated on the right by the green dot and
the plot at right shows the normalized side and front tensile pressure results
for the baseline facemask design (blue dot), the ten original Design of
Experiments (DOE) facemask designs (red circles), and the optimized
design (green dot).

Table 4.4

Objective Function Results for Maximum Tensile Pressure Optimization

Objective
Function

Baseline Value
(kPa)

Optimal Value
(kPa)

Percent Change

Front Impact
Maximum Tensile
Pressure

28.3

26.2

-7.5

Side Impact
Maximum Tensile
Pressure

27.6

24.7

-5.5
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Figure 4.7 shows the results for the design optimization using the maximum shear
strain in the brain as an objective function. Table 4.5 lists the decrease in front and side
impact maximum shear strain values compared to the baseline design. For the optimal
design, the maximum shear strain in the brain for front and side impacts were 0.0046 and
0.0048, respectively. The maximum shear strain from the front impact decreased 39.5 %
compared to the baseline helmet, and the maximum shear strain from the side impact
decreased 17.2 % compared to the baseline helmet.

Figure 4.7

The multi-objective design optimization result (left) using the maximum
shear strain in the brain and illustrated on the right by the green dot. The
plot at right shows the normalized side and front shear strain results for the
baseline facemask design (blue dot), the ten original Design of Experiments
(DOE) facemask designs (red circles), and the optimized design (green
dot).

The optimum design point taken from the Pareto front after optimization should have
produced maximum shear strain values lower than all of the DOE points, but did not
produce the lowest values due to the uncertainty in the surrogate model.
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Table 4.5

4.4

Objective function results for maximum shear strain optimization

Objective
Function

Baseline Value

Optimal Value

Percent Change

Front Impact
Maximum Shear
Strain

0.0076

0.0046

-39.5

Side Impact
Maximum Shear
Strain

0.0058

0.0048

-17.2

Discussion
One important observation to be made from the DOE results is that different head

injury metrics were not always correlated. For example, DOE Design #7 of the original
candidate designs demonstrated the third lowest peak CG acceleration but also gave the
highest tensile pressure. This observation indicates that peak CG acceleration does not
always accurately represent the behavior inside the brain although it is the most
commonly used metric in practice today. As a consequence of our results, optimizing to
reduce CG acceleration was not included in this study. The head responses from the DOE
designs also showed that facemask design plays a significant role in the mechanical
response in the brain.
The scatter plots in Figure 4.6 and Figure 4.7 provide a visual representation of
the significant differences in the brain responses due to relatively simple changes in the
facemask design. As expected in a two objective optimization, the optimum design
objective function points are located at the bottom left corner of the plot. In Figure 4.7,
however, the design selected as the optimum point produced values that are greater than
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one of the DOE designs when considering the maximum shear strain. This effect is
attributed to the uncertainty in the surrogate model, as the optimum design point taken
from the Pareto front after optimization should have produced maximum shear strain
values lower than all of the DOE points. The point chosen still decreased the maximum
shear strain in the brain up to 39.5 % over the baseline and represents a large
improvement.
The decrease in tensile pressure after optimization was less drastic than the
maximum shear strain but still significant at 7.5 %. While our study used 6 m/s as an
impact velocity, frontal impacts up to 12.3 m/s have been recorded. At velocities
approaching 12.3 m/s, the decrease presented here could mean the difference in receiving
or avoiding a traumatic brain injury.
Finally, the optimum designs when the tensile pressure and maximum shear strain
incurred their greatest possible reduction gave rise to only vertical facemask bars. To
elucidate a cause for the design pushing for only vertical bars, we compared the optimal
design for tensile pressure reduction and DOE Design #7. DOE Design #7 was chosen
because it produced the greatest tensile pressure in the brain. The first suspected cause of
improved performance was the strain energy in the facemask. When analyzed, the
facemask strain energy was 39 % greater in the optimal design (7.35 J) when compared to
DOE Design #7 (5.3 J), as shown in Figure 4.8. This strain energy increased because
horizontal bars stiffen the facemask. When considering the frontal impact, a decreased
stiffness means that the vertical facemask bars undergo bending in the same plane as the
impactor axis (midsagittal plane for a frontal impact) as well as lateral bending in the
plane normal to the impactor axis. Greater deformation implies greater energy absorption.
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Figure 4.8

Strain energy time history showing increased facemask strain energy in the
optimal design when reducing the tensile pressure in the brain compared to
the original Design of Experiments (DOE) Design 7.

The peak strain energy was 39 % greater in the optimal design meaning that the optimal
facemask absorbed that much more energy than the original design.
The effects of momentum and stress waves were also considered when examining
performance differences. One hypothesis was based on a study by Johnson et al. (2014),
which determined that longitudinal pressure waves are converted to slower moving shear
waves when a free or convergent boundary is impinged upon. The slower moving shear
waves draw energy away from the initial longitudinal pressure wave, thereby lowering
the peak pressure and impulse. To check for this effect, a set of elements that are
common to both the optimal design for tensile pressure and DOE Design #7 were probed.
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These elements, as well as their average values for maximum shear stress, are shown in
Figure 4.9. The maximum shear stress values were calculated to consider shear stresses
that did not correspond to one of the principal planes. The plot shows that the elements
from the optimal design possess higher shear stresses when compared to DOE Design #7.
The higher shear stresses are likely caused by the lack of a direct wave path from the
impact site to the side of the facemask, meaning the pressure wave has to go through
orthogonal direction changes before reaching the side of the facemask. For example, from
the frontal impact location in the optimal design for tensile pressure, the wave travels
vertically until reaching the top bar, at which point the wave changes direction to move
horizontally towards the side of the facemask. The free surface at this intersection will
cause shear waves to be generated. To further study this possibility, elements along the
top bar were studied at three points: one at the facemask centerline, one at a 45° rotation
from centerline, and one at the side of the facemask. Figure 4.10 shows the pressure-time
history of these elements that was recorded for the optimal design for reducing the brain’s
tensile pressure. Figure 4.10 also illustrates the three locations where the pressure-time
histories were calculated. Note that the pressure wave’s amplitude decreased while
moving towards the facemask and oscillated between tension and compression. This
oscillation indicates that the wave is being repeatedly reflected leading to shear waves
being introduced, and also causing momentum to be trapped in the bar. The combined
effects of increased strain energy, introduction of shear stresses, and trapping of
momentum lead to the resulting vertical bars in the optimal designs.
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Figure 4.9

(Left) Elements investigated common to both the optimal design that
reduced the tensile pressure in the brain and the original Design of
Experiments (DOE) Design 7, and (Right) The maximum shear strain
(averaged from the highlighted elements) time history.

Figure 4.10

(Left) Points 1-3 along the top facemask bar where the pressure was
measured, and (Right) Pressure-time histories of Points 1-3 showing
oscillations and pressure amplitude drops illustrating the pressure wave
motion and associated dissipation along the top facemask bar.
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In the optimal design for tensile pressure reduction, the resulting maximum tensile
pressure was located at the back of the brain near the intersection of the occipital lobe and
cerebellum. An injury to this section of the brain could result in slurred speech, loss of
motor skills, difficulty reading and writing, hallucinations, and vision difficulties. In the
optimal design for shear strain reduction, the maximum shear strain in the brain occurred
in the brainstem. An injury to this area of the brain can cause dizziness, nausea, decreased
breathing capacity, and difficulty swallowing. These symptoms can be very serious and
even fatal, further validating the necessity of helmet optimization.
4.5

Conclusions
This research represents the first time multi-objective design optimization has

been performed on a football helmet, and demonstrates the possibilities that are
achievable in improving human safety by using simulation-based design optimization.
Some key conclusions are summarized below:


As in the ram impacts, geometry highly affects impact response. Facemask design
was found to play a significant role in brain response during facemask impacts.
Large differences were observed in head response by simply changing facemask
topology.



Different head injury metrics were not always correlated. Specifically, peak head
acceleration was not a good indicator of pressure or shear strain in the brain. This
result is similar to the divergence of acceleration and tensile pressure/shear strain
in the ram.



Surrogate modeling was also successfully applied to approximate the mechanical
brain response in a complex, computationally expensive finite element simulation
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of a football helmet impact, allowing several objectives to be efficiently
optimized.


The tensile pressure in the brain decreased 7.5 % when comparing the optimal
design and a baseline design.



The maximum shear strain in the brain decreased 39.5 % when comparing the
optimal design and a baseline design.



Although the maximum tensile pressure and maximum shear strain values in the
helmeted head impacts (30.2 kPa and 0.011) were less than the ram impacts (245
kPa and 0.28), helmet impacts up to 12.3 m/s have been recorded, and could
easily surpass this threshold. Future work could include optimizing helmets at
12.3 m/s using the ram impact values of tensile pressure and maximum shear
strain as injury limits.
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SUMMARY AND FUTURE WORK
5.1

Summary
A study of the bighorn sheep impact events provided inspiration and information

to produce a safer football helmet. Experimental testing was performed on bighorn sheep
horn keratin at different stress states, strain rates, and moisture contents. The resulting
stress-strain data was used to inform constitutive models employed in the simulation of
bighorn sheep ram head impacts. The mechanical response of the brain was the primary
metric of interest, and in particular the acceleration, maximum tensile pressure, and
maximum shear strain. Because bighorn sheep appear to avoid injury, the ram
simulations give values of tensile pressure and maximum shear strain in the brain that
could serve as injury thresholds. The bighorn sheep impact simulations also indicated that
the horn material was not totally responsible for changes in mechanical brain response,
which led to a study of the ram horn geometry. The ram horn geometry was simulated
using several different materials and loading conditions to examine geometric effects on
stress wave propagation. Finally, with the bio-inspiration of protecting the head using
changes in geometry, multi-objective topology optimization was performed on a football
helmet facemask using brain injury metrics as objective functions. Key findings of this
study include:
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Horn keratin demonstrates a clear strain rate dependence in both tension
and compression. As the strain rate increased, the flow stress increased.



Increased moisture content decreased strength and increased ductility in
horn keratin at high strain rates.



The horn keratin energy absorption increased in the hydrated condition at
high strain rates when compared to quasi-static data. At 45 % strain, the
keratin absorbed 114 % more energy in tension and 192 % more energy in
compression.



The standard acceleration injury metrics for humans do not hold true for
rams. Some accelerations observed in the ram (607 G’s) were an order of
magnitude higher than predicted injury values (98 G’s for 75 % chance of
MTBI (King et al. 2003)). The maximum tensile pressure and shear strain
values of 245 kPa and 0.28, respectively, in the brain for the dry keratin
could represent a true brain injury metric.



Tensile pressure in the brain of the ram does not continue to increase at the
same rate as acceleration with stiffer material properties. While the dry
keratin acceleration is 69 % higher than the high rate wet keratin
acceleration, the dry keratin tensile pressure is only 22 % higher than the
high rate wet keratin tensile pressure.



Trim (2011) found that tapered spiral geometries mitigate the impulse
generated by a stress wave in steel with an increasing ramped pressure
pulse. This study found that the tapered spiral caused pressure and impulse
reduction in three different material types (AM30 magnesium,
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Polycarbonate, and Silicon Carbide) and loading conditions (increasing
ramped pressure pulse, decreasing ramped pressure pulse, step pressure
pulse, consecutive increasing and decreasing pressure pulse). This study
demonstrates that the pressure and impulse reduction is independent of
material and pressure pulse shape.


As in the ram impacts, geometry highly affects impact response. Facemask
design was found to play a significant role in brain response during
facemask impacts. Large differences were observed in head response by
simply changing facemask topology. The variation in responses for the ten
original DOE designs were 13.6 % for tensile pressure, 21.8 % for peak
CG acceleration, and 135 % for maximum shear strain.



Different head injury metrics were not always correlated. Specifically,
peak head acceleration was not a good indicator of pressure or shear strain
in the brain. This result is similar to the divergence of acceleration and
tensile pressure/shear strain in the ram.



Surrogate modeling was also successfully applied to approximate the
mechanical brain response in a complex, computationally expensive finite
element simulation of a football helmet impact, allowing several
objectives to be efficiently optimized.



Brain injury indicators were significantly reduced by performing multiobjective design optimization on a football helmet facemask. The tensile
pressure in the brain decreased 7.5 % when comparing the optimal design
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and a baseline design. The maximum shear strain in the brain decreased
39.5 % when comparing the optimal design and a baseline design.


Although the maximum tensile pressure and maximum shear strain values
in the brain for helmeted head impacts (30.2 kPa and 0.011) were less than
the ram impacts (245 kPa and 0.28), helmet impacts up to 12.3 m/s have
been recorded, and could easily surpass this threshold.

5.2
5.2.1

Future Work
Intermediate Strain Rate Testing of Horn Keratin
Chapter 1 used experimental data from low and high rate testing to inform a Finite

Element (FE) simulation of ram’s butting their horns. The keratin demonstrated a
pronounced strain rate effect, and behavior at intermediate strain rates, more closely
related to actual ram impacts, is likely to be very different. Testing at intermediate strain
rates using the new intermediate strain rate serpentine bar (Whittington et al. 2015)
developed at Mississippi State University could produce more accurate FE simulations.
5.2.2

Dissipating Effects of Ridges in Ram’s Horn
Chapter 2 demonstrated the effect of the tapered spiral on stress waves. Another

interesting feature of the ram’s horn is the appearance of ridges that circle the horn and
are found throughout the length of the horn. These rings are also found in many other
animals with different horns. Now that we understand better how shear waves are
introduced by free surfaces, the ridges most likely serve a purpose by either introducing
more shearing or filtering out certain frequencies. This hypothesis could be tested by
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taking the tapered spiral model from Chapter 2, applying ridges, and simulating a
pressure wave.
5.2.3

Design Optimization of Football Helmet Foam and Shell
Chapter 3 showed significant improvements that could be made by optimizing the

football helmet facemask. Applying this methodology to different material types and
geometries in the foam liner and helmet shell could lead to much safer helmets.

(Eq. 5.1)
where X would be foam density, shell thickness, or shell modulus, PressureTen is the
tensile pressure in the brain, and W is the helmet weight. Wmax would represent the upper
bound on helmet weight. When performing optimization on the shell and foam liner, the
stiffness and resulting effects on resonant frequencies will need to be investigated. The
modeshapes for the resonant frequency modes 7-15 of the optimal design for tensile
pressure reduction are shown in Figure 5.1. Of note, the eigenvalues for modes 1-6 were
less than 6 x 10-5. The frequencies for modes 1-6 were less than 1.2 x 10-3 Hz. The
resulting resonant frequencies for modes 7-15 are shown in Table 5.1. The frequencies
are well away from those of the head, which were found to be in the 20-30 Hz range
during an in house analysis.
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Figure 5.1

Resonant frequency response for modes 7-15 of the optimal facemask
design for tensile pressure reduction.

Of note, the eigenvalues for modes 1-6 were less than 6 x 10-5. The frequencies for modes
1-6 were less than 1.2 x 10-3 Hz.
Table 5.1

Resonant frequencies of the optimal facemask for tensile pressure reduction
Mode Number

Frequency (Hz)

7

108.77

8

182

9

213.6

10

336

11

402.9

12

437.7

13

560.7

14

603.3

15

739

Of note, the eigenvalues for modes 1-6 were less than 6 x 10-5. The frequencies for modes
1-6 were less than 1.2 x 10-3 Hz.
Regarding the facemask, the following new parameters need to be evaluated:
additional impact velocities, additional loading directions, additional impact locations,
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different bar thicknesses, different angles instead of just vertical and horizontal bars, and
action (energy*time) as a metric. A specific case would include optimizing the facemask
at 12.3 m/s, an upper limit for impact speeds, using the ram impact values of tensile
pressure and maximum shear strain as injury limits.
5.2.4

Solution of a Transfer Function Relating Acceleration and Damage in the
Brain
Chapters 1 and 3 give evidence to the problem of using linear acceleration as an

injury metric. However, it remains one of the most cost effective and relatively simple
ways of monitoring football impacts in real time. Finding a transfer function between
acceleration and a true injury metric within the brain would offer a way to objectively
detect TBI. With the use of high performance computing and simulation of impacts, this
goal is attainable. Figure 5.2 shows a plot of the ratio of tensile pressure and acceleration
versus time for 0° and 45° impacts. A possible transfer function would be the curve that
robustly fits this ratio for other impact locations. A possible form of the equation is listed
in Equation 5.2, where A=0.65 and B=-1:
𝑃
𝐴

= 𝐴(1 − exp(𝐵(𝑡)))
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(5.2)

Figure 5.2

5.2.5

Ratio of tensile pressure and acceleration versus time for 0° and 45°
impacts using optimum design for tensile pressure from Chapter 3.

Improved Brain Mesh and Constitutive Model
As computing power continues to increase, the necessity of higher fidelity meshes

will become more realistic. Most current FE meshes of the human brain do not account
for folds in the brain and the different connective tissue between regions and the skull.
These heterogeneities could cause differences in stress patterns and most likely stress
concentrations that are currently not accounted for. Also, constitutive models could
consider material anisotropy, regional differences, and biological factors, which are not
accounted for in this dissertation.
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